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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Post treatment of titanium alloy parts obtained by Electron Beam Melting (EBM) is required before assembly due to their high roughness
(Ra = 25 µm). For parts with complex geometry, chemical and electro-chemical etching are two promising processes which enhance the part
surface integrity thanks to their global action. These two processes were applied to Ti6Al4V parts obtained by EBM. Their surface topography,
micro hardness, dimensional and geometrical accuracy were compared. For a given removed thickness of 0.150 mm, electro-chemical etching
exhibited higher efficiency to improve arithmetic roughness (∼39%) than chemical etching (∼7%).
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1. Introduction

Additive Manufacturing is opening new possibilities of part
design [1] since the first introduction of a commercial 3D
printer in the 1980s [2]. Diverse materials can be shaped by
AM processes: polymers, metals and ceramic [3]. Within the
different existing metals, titanium alloys such as Ti6Al4V is
widely used in various applications (e.g. for the biomedical
and aeronautical sectors) thanks to its strength-to-weight ra-
tio, biocompatibility and corrosion resistance [4, 5]. Among
the seven AM working principles established by ISO 52900,
powder bed fusion processes such as Electron Beam Melting
(EBM) is feeding great hopes thanks to its higher building rates
and lower residual stresses compared to Selective Laser Melt-
ing (SLM) and Direct Energy Deposition (DED) [5]. Never-
theless, the parts manufactured by EBM process exhibit higher
arithmetic roughness (Ra) than SLM and DED [5, 6]. Indeed,
common reported values of Ra for as-built EBM parts can be
between 25 µm and 131 µm while 0.24 µm to 13.3 µm and 5 µm
to 40 µm can be respectively achieved for DED and SLM [5].
Oxidation and partially melted particles adhesion on the part’s
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surface are the main causes of the high roughness surfaces in
EBM parts [5]. Post treatments (e.g. polishing, chemical etch-
ing, conventional machining) are then required to overcome the
EBM process defects [1, 7] since they can improve surface fin-
ish and, therefore, the strain to failure [8] and fatigue resistance
[5].

AM post treatments can be classified into three categories:
mechanical, radiation and chemical, depending on their work-
ing principle [7]. Two well-known mechanical processes by
material removal are machining and blasting [4]. However, even
if they can lead to Ra below 1 µm [9], these processes cannot be
applied to very complex geometries (e.g. lattice structures [8]
or internal features as conformal cooling channels [1]). Con-
sequently, other post treatments have to be investigated. Two
chemical post processes are promising since they allow a global
action on the part: chemical etching (also named chemical ma-
chining, CM) and electro-chemical etching (also named electro-
chemical machining, ECM) [9].

On the one hand, chemical etching consists in immersing the
part in a chemical bath composed of a mix of acids [9]. As pre-
sented by Wysocki et al. [10], efficient material removal rates
can be achieved for additively manufactured Ti6Al4V parts by
using a mix of HF and HNO3. On the other hand, electro-
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chemical etching can be seen as an inverse electro-plating oper-
ation [9]. Indeed, the part (anode) is placed into a bath of elec-
trolyte and exchanges ions with a cathode thanks to an elec-
trical potential difference [7, 9]. Chemical etching is simpler
and less expensive than electro-chemical etching [9]. However,
it achieves lower volumes of removed material than electro-
chemical etching [7].

This article aims to compare the performances of chemical
and electro-chemical etching applied to Ti6Al4V parts manu-
factured by the EBM process. A dimensional and geometrical
analysis is conducted as well as a surface topography evalua-
tion. Finally, micro hardness of the parts is evaluated and com-
pared to an as-built part.

2. Methodology

2.1. Parts manufacturing

The design of the parts is shown in Figure 1. The geometry
exhibits two different cylinders named A and B with two dif-
ferent diameters: 14.30 mm and 20 mm respectively. The total
height of the part was set at 26.2 mm. The parts were manufac-
tured taking their Z axis for build direction. Spherical plasma
atomised Ti6Al4V ELI (Extra Low Interstitial) Grade 23 pow-
der was used as feedstock for the printing. The granulometry
distribution of this powder is centred on 70 µm (D50), while
minimum and maximum diameters of particles stand at 45 µm
and 106 µm respectively. Layer thickness of the printing was set
at 50 µm. Eight parts were selected among the 24 produced in
the same batch on an ARCAM A2 EBM printer and were used
in their as-built state. A distinction is made in the following sec-
tions between the parts before (as-built) and after (treated) the
chemical or electro-chemical etching post treatments.

26
.2

0

Diameter A
14.30

Diameter B
20

z
x

y

Fig. 1. Design of the parts (in mm).

2.2. Chemical etching

Six parts over the eight available were post treated using
a 5-steps chemical etching. The bath was composed of HNO3
and HF combined with water [10]. The ratio between these two
acids stood at 20. Other bath parameters set by the company
which treated the parts are confidential. Thickness removal was
targeted to be performed in five equal steps from 50 µm up to
250 µm. After each step of 50 µm thickness removal, one part

was taken from the bath to serve as an image of the step. One
last part served as a witness to calibrate the bath. Each of the
parts was given a name referring to the step they belong to (e.g.
step 1, step 2, etc. and witness for the witness part).

2.3. Electro-chemical etching

One of the eight parts was electro-chemically etched using
a mix of H2SO4 and HF for the electrolyte. Concentrations of
these two chemical species are not mentioned since it is the
know-how of the company which treated the parts. The electro-
chemical etching configuration is given in Figure 2, while the
main parameters are given in Table 1. The treated part was
taken as the anode while a 38 mm inner diameter stainless steel
AISI 304 tube was selected as the cathode. This geometry al-
lowed the cathode to fit the external geometry of the treated part
as much as possible. The part was centred inside the tube to
keep the same spacing between the cathode and the anode. Cur-
rent connection clamps were connected to the top of cylinder
A while the flat surface of cylinder B (bottom of the part) re-
mained free in order to allow the circulation of the electrolyte.
According to the dimensions of the cylinders composing the
part, the spacing between the cathode and cylinder B reached
9 mm, while 11.85 mm separated cylinder A from the cath-
ode. Indeed, the space between the cathode and the anode has
an influence on the electric field density on the part and, con-
sequently, on the thickness removed [7]. A constant difference
of potential of 12 V was applied between the cathode and the
anode, while a constant temperature of 25◦C and stirring were
applied to the electrolyte. Electro-chemical treatment time was
set at 20 minutes while 0.150 mm was the thickness target to
remove.

AA

 9.00 

 11.85 

 38.00 
Cathode

Anode

Produit d'éducation SOLIDWORKS – A titre éducatif uniquement.

Fig. 2. Electro-chemical etching configuration (in mm).

Table 1. Electro-Chemical Etching Parameters.

Electrolyte H2SO4 and HF
Cathode material AISI 304
Difference of potential applied 12 V
Temperature 25◦C
Treatment time 20 minutes
Thickness target to remove 0.150 mm

2
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2.4. Dimensional and geometrical evaluation

The parts were evaluated in terms of dimension and geom-
etry before and after their treatment by chemical or electro-
chemical etching. These measurements were performed using
a Coordinate Measuring Machine (CMM) LH54 from Wenzel
at room temperature. It was equipped with a PH10M head and a
2.5 mm diameter spherical probe, both from Renishaw. The di-
ameter of cylinders A and B were measured using eight points
distributed over two circles. The total height of the parts was
measured by probing six points on two planes: the top of cylin-
der A and the top of a steel gauge block simulating the bot-
tom of the part. Finally, the Metrosoft QUARTIS Measurement
Software version 2021 was used to compute the diameters, to-
tal length and cylindricity from the probed points. The removed
thickness was evaluated by computing the half of the differ-
ence between the part diameter before and after its treatment by
chemical and electro-chemical etching. All measurements were
reproduced three times by rotating the parts by 120◦ over their
Z axis.

2.5. Surface topography evaluation

Surface topography evaluation was performed using a
roughness measurement instrument DH-6 from Diavite. The
signal acquisition was performed using a computer while the
Diasoft software version 3.1.9 computed the resulting arith-
metic and total roughness (Ra and Rt respectively). All mea-
surements presented in the following sections are an average of
five measurements made on cylinder B. All measurements were
taken parallel to Z axis and spaced by an angle of 72◦ around
the parts Z axis. The evaluation length was set at 4.8 mm. Since
the usual values of Ra for EBM as-built parts can be higher than
25 µm [5], it means that the measurements performed did not
fulfil the ISO 4288 standard. Indeed, this standard requires an
evaluation length of 40 mm to perform roughness evaluation of
parts exhibiting an Ra between 10 µm and 80 µm. However,
only 9.45 mm along the Z axis is available on cylinder B. The
results obtained with an evaluation length of 4.8 mm should
therefore be used for relative rather than absolute comparison.

2.6. Micro hardness evaluation

Micro hardness measurements were evaluated using a Vick-
ers hardness tester machine M400-A from LECO. A force of
0.980 N was used to ensure length of indentation diagonals be-
tween 0.020 mm and 1.400 mm, as recommended by ISO 6507.
The parts’ cylinder A were cut at about 3 mm from cylinder B.
All the samples were mounted in resin and polished using sil-
icon carbide foils. The final polishing step was performed us-
ing a mixture of colloidal silica (OP-S) and hydrogen peroxide
(30%). Images were then acquired and measured using a cam-
era and the Image Focus software. The goal of these measure-
ments was to emphasise the potential influence of the chemical
and electro-chemical treatments on the parts micro hardness.
The distance between the first indentation and the external sur-
face of each sample was therefore set to the minimal value, as

recommended by ISO 6507 (two and a half times d where d
stands for the mean diagonal length of the indentation). Simi-
larly, the distance between two indentation centres was also set
to the minimal recommended value, so three times d. In total
five measurements were taken from each sample surface while
one measurement was also performed at its centre. Each of the
measurements was repeated five times. Table 2 summarises the
main parameters of the micro hardness analysis.

Table 2. Main parameters of the Vickers micro hardness evaluation.

Pyramidal indenter angle (α) 136◦

Force applied 0.980 N
Force holding time 15 s
Distance between external surface and first indentation 2.5 d
Distance between consecutive indentations centres 3 d

Ti6Al4V titanium alloy exhibits α and β phases [5]. The size
of the indentation should therefore be sufficient to evaluate a
combination of several phases and not only one phase at a time.
Figure 3 gives an image with 2000×magnification of an as-built
part which has been etched with Kroll’s reagent to reveal its α
and β phases (this last has a brown colour). The blue losange
represents the size of the smallest indentation performed dur-
ing the micro hardness analysis (diagonals of 0.020 mm). All
the micro indentations performed then simultaneously straddle
several phases, meaning that the indentation size is sufficient to
deliver reliable results of micro hardness.

25 µm

Fig. 3. EBM as-built part attacked with Kroll’s reagent (2000× magnification).

3. Results

3.1. Dimensional and geometrical evaluation

The resulting graphs of dimensional and geometrical analy-
sis are given in Figure 4 and 5 with 2σ error bars.

Figure 4 depicts the average removed thickness on cylinder
A and B and on the total length for the chemically etched parts
(step 1 to 5), electro-chemically etched part (ECM) and the wit-
ness of the chemical etching bath (witness). As experienced
previously [11], the effective thickness removed by chemical
etching is lower or higher than the target for steps 1 to 5. For
example, the maximum thickness removed (step 5) stands at
0.199 mm which is 0.050 mm less than the target (0.250 mm).
On average, there is little difference of thickness removed be-
tween the cylinders A and B. The major difference comes from
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2.4. Dimensional and geometrical evaluation

The parts were evaluated in terms of dimension and geom-
etry before and after their treatment by chemical or electro-
chemical etching. These measurements were performed using
a Coordinate Measuring Machine (CMM) LH54 from Wenzel
at room temperature. It was equipped with a PH10M head and a
2.5 mm diameter spherical probe, both from Renishaw. The di-
ameter of cylinders A and B were measured using eight points
distributed over two circles. The total height of the parts was
measured by probing six points on two planes: the top of cylin-
der A and the top of a steel gauge block simulating the bot-
tom of the part. Finally, the Metrosoft QUARTIS Measurement
Software version 2021 was used to compute the diameters, to-
tal length and cylindricity from the probed points. The removed
thickness was evaluated by computing the half of the differ-
ence between the part diameter before and after its treatment by
chemical and electro-chemical etching. All measurements were
reproduced three times by rotating the parts by 120◦ over their
Z axis.

2.5. Surface topography evaluation

Surface topography evaluation was performed using a
roughness measurement instrument DH-6 from Diavite. The
signal acquisition was performed using a computer while the
Diasoft software version 3.1.9 computed the resulting arith-
metic and total roughness (Ra and Rt respectively). All mea-
surements presented in the following sections are an average of
five measurements made on cylinder B. All measurements were
taken parallel to Z axis and spaced by an angle of 72◦ around
the parts Z axis. The evaluation length was set at 4.8 mm. Since
the usual values of Ra for EBM as-built parts can be higher than
25 µm [5], it means that the measurements performed did not
fulfil the ISO 4288 standard. Indeed, this standard requires an
evaluation length of 40 mm to perform roughness evaluation of
parts exhibiting an Ra between 10 µm and 80 µm. However,
only 9.45 mm along the Z axis is available on cylinder B. The
results obtained with an evaluation length of 4.8 mm should
therefore be used for relative rather than absolute comparison.

2.6. Micro hardness evaluation

Micro hardness measurements were evaluated using a Vick-
ers hardness tester machine M400-A from LECO. A force of
0.980 N was used to ensure length of indentation diagonals be-
tween 0.020 mm and 1.400 mm, as recommended by ISO 6507.
The parts’ cylinder A were cut at about 3 mm from cylinder B.
All the samples were mounted in resin and polished using sil-
icon carbide foils. The final polishing step was performed us-
ing a mixture of colloidal silica (OP-S) and hydrogen peroxide
(30%). Images were then acquired and measured using a cam-
era and the Image Focus software. The goal of these measure-
ments was to emphasise the potential influence of the chemical
and electro-chemical treatments on the parts micro hardness.
The distance between the first indentation and the external sur-
face of each sample was therefore set to the minimal value, as

recommended by ISO 6507 (two and a half times d where d
stands for the mean diagonal length of the indentation). Simi-
larly, the distance between two indentation centres was also set
to the minimal recommended value, so three times d. In total
five measurements were taken from each sample surface while
one measurement was also performed at its centre. Each of the
measurements was repeated five times. Table 2 summarises the
main parameters of the micro hardness analysis.

Table 2. Main parameters of the Vickers micro hardness evaluation.

Pyramidal indenter angle (α) 136◦

Force applied 0.980 N
Force holding time 15 s
Distance between external surface and first indentation 2.5 d
Distance between consecutive indentations centres 3 d

Ti6Al4V titanium alloy exhibits α and β phases [5]. The size
of the indentation should therefore be sufficient to evaluate a
combination of several phases and not only one phase at a time.
Figure 3 gives an image with 2000×magnification of an as-built
part which has been etched with Kroll’s reagent to reveal its α
and β phases (this last has a brown colour). The blue losange
represents the size of the smallest indentation performed dur-
ing the micro hardness analysis (diagonals of 0.020 mm). All
the micro indentations performed then simultaneously straddle
several phases, meaning that the indentation size is sufficient to
deliver reliable results of micro hardness.

25 µm

Fig. 3. EBM as-built part attacked with Kroll’s reagent (2000× magnification).
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3.1. Dimensional and geometrical evaluation

The resulting graphs of dimensional and geometrical analy-
sis are given in Figure 4 and 5 with 2σ error bars.

Figure 4 depicts the average removed thickness on cylinder
A and B and on the total length for the chemically etched parts
(step 1 to 5), electro-chemically etched part (ECM) and the wit-
ness of the chemical etching bath (witness). As experienced
previously [11], the effective thickness removed by chemical
etching is lower or higher than the target for steps 1 to 5. For
example, the maximum thickness removed (step 5) stands at
0.199 mm which is 0.050 mm less than the target (0.250 mm).
On average, there is little difference of thickness removed be-
tween the cylinders A and B. The major difference comes from
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the witness part of the chemical etching bath. Indeed, it lost
0.576 mm on average for cylinder A while cylinder B lost
0.517 mm. In the case of the electro-chemical etched part, both
diameters exhibit a higher difference with an average removed
thickness of 0.090 mm on the cylinder A while 0.149 mm were
removed on the cylinder B. This can be explained by the differ-
ence of distance between the cylinder A and B and the cathode.
The lower the gap between anode and cathode, the higher the
volume of removed material [7]. In contrast, the total length
reduction along the built direction of the part (Z axis) during
chemical etching does not reach the same values as the thick-
ness removed on cylinder A and B. Steps 1, 4 and 5 exhibit
a lower total length reduction than the thickness reduction of
cylinders A and B, while steps 2 and 3 exhibit the opposite
trend. The witness part of the chemical etching faced a total
length reduction of the same order of magnitude as the thick-
ness reduction of its cylinder A. Finally, the electro-chemically
etched part exhibits the same material reduction for the cylinder
B and total length (0.149 mm).

Fig. 4. Average removed thickness (in mm).

The cylinder A and B cylindricity deviations for the differ-
ent chemically and electro-chemically etched parts are given in
Figure 5. The mean cylindricity of the as-built cylinder A parts
exhibited values between 0.070 mm and 0.133 mm (standard
deviation of 0.029 mm), while the chemically etched parts from
steps 1 to 5 showed more homogeneous values from 0.070 mm
to 0.079 mm (standard deviation of 0.004 mm). All the parts
treated by chemical etching decreased their cylindricity devia-
tion, except for the witness part. Indeed, it exhibited the highest
measured deviation for cylinder A with 0.323 mm after etch-
ing, while its as-built cylindricity deviation stood at 0.056 mm.
Such a degradation after the thickness removal of 0.576 mm by
chemical etching means that cylindricity deviation can be in-
creased by the chemical etching process if too much thickness
is removed. Electro-chemical etching of cylinder A decreases
cylindricity deviation from 0.062 mm to 0.051 mm.

Cylinder B shows less homogeneous cylindricity deviations
after chemical etching. Indeed, for steps 1 to 5, the as-built
parts exhibit a cylindricity of cylinder B between 0.057 mm
and 0.130 mm (standard deviation of 0.023 mm). After chemi-

cal etching, these values are between 0.052 mm and 0.092 mm
(standard deviation of 0.016 mm). For almost all the parts,
cylinder B benefited from a decreased cylindricity deviation
thanks to the chemical etching. Only the part of step 2 showed
an increase of its cylindricity deviation. However, this devia-
tion is not significant with respect to the 2σ error bars. In the
case of the electro-chemical etching, the cylinder B cylindricity
deviation decreased from 0.083 mm to 0.025 mm.

A comparison can be made between the cylindricity reduc-
tion obtained after electro-chemical etching and step 3 of chem-
ical etching. Indeed, the same thickness was removed after
these two operations (about 0.150 mm). Electro-chemical etch-
ing allowed to decrease cylindricity of cylinder A and B by 18%
and 70% respectively, while step 3 of the chemical etching de-
creased cylindricity by 14% and 44% for cylinders A and B
respectively. At this stage, electro-chemical etching seems to
give better results than chemical etching for the same removed
thickness.

Fig. 5. Cylindricity deviation evolution for cylinders A and B (in mm).

3.2. Surface topography evaluation

The results of the surface topography evaluation is given in
Figures 6, 7 and 8 with 2σ error bars. The average Ra of the
as-built parts stands at 14.64 µm. As explained in section 2.5
the evaluation length does not fulfil the recommendations of
ISO 4288. Therefore, the results can only be used for a relative,
instead of an absolute, comparison.

Figure 6 gives the average arithmetic roughness measured on
cylinder B of the different parts which endorsed the chemical
and electro-chemical etching. Compared to the as-built parts,
the first and second steps of the chemical etching leads to a
small increase of Ra (3% and 7% respectively). However, the
measurement dispersion for as-built parts is higher than the
Ra reduction measured. No conclusion can therefore be drawn
from this result since the reduction is not significant with re-
spect to the measurement dispersion. Steps 3 to 5 lead to more
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significant Ra reduction with respect to the as-built parts. In-
deed, step 3 decreased Ra by 7%, step 4 by 11% and step
5 by 21%. As expected, the witness part benefited from the
highest improvement with an arithmetic roughness decrease of
72%. The electro-chemically treated part exhibits a 39% de-
crease of arithmetic roughness. This last result has to be bal-
anced with the removed thickness on cylinder B. Indeed, the
electro-chemical etching allowed a 39% decrease of the arith-
metic roughness while removing a 0.149 mm thickness on the
part. The same thickness was removed for step 3 of the chemical
etching, but it only allowed a 7% improvement of the arithmetic
roughness. This shows the higher performance of the electro-
chemical etching to improve arithmetic roughness while remov-
ing as little material as possible.

Fig. 6. Arithmetic roughness evolution for cylinder B (in µm).

Fig. 7. Total roughness evolution for cylinder B (in µm)

The total roughness measurements of cylinder B followed
the same trend as the arithmetic roughness as depicted in Fig-
ure 7. Indeed, steps 1 and 2 of the chemical etching lead to a
small increase of Rt (9% and 7% respectively) while the other
steps improved the total roughness by 11% for step 3, 5% for
step 4 and 12% for step 5. The witness is the part facing the
highest reduction of total roughness with a 63% improvement.
Again, this better result has to be balanced with the removed
thickness on cylinder B for this part which reaches more than
0.500 mm. The electro-chemical etching treatment allowed a

40% reduction of Rt while only removing 0.149 mm of the part
diameter, so the same order of magnitude as the improvement
of Ra. In opposition, it should be noted that for a given part and
chemical etching step, the Rt improvement is not the same as
the Ra.

As a result of the cylindrical geometry of the cathode used
for electro-chemical etching, the Ra and Rt improvement for
cylinder A and B are not the same as depicted in Figure
8. Indeed, the distance between cylinder A and the cathode
(11.45 mm) is not the same as the distance between cylinder
B and the cathode (9.0 mm). As explained by Hung [7], the
volume of removed material is inversely proportional to the in-
terelectrode gap. Accordingly, the Ra improvement for cylinder
B (39%) is higher than for cylinder A (17%), while, similarly,
the Rt improvement for cylinder B (40%) is higher than for
cylinder A (16%). However, it should be noted that Ra and Rt
are reduced for each cylinder in the same order of magnitude.
Chemical etching led to less homogeneous results since Ra and
Rt improvement did not reach the same value depending on the
cylinder treated.

Fig. 8. Arithmetic and total roughness of electro-chemically treated part (in
µm).

3.3. Micro hardness evaluation

Figure 9 gives the micro hardness measurements on cylin-
der A of the chemically and electro-chemically etched parts as
well as one as-built part. The horizontal axis gives the radial
coordinate of the indentation performed on the parts with re-
spect to the as-built part. For example, the part of the chemical
etching Step 1 lost a thickness of 0.028 mm on average. The
radial coordinate of the first indentation made on this part at
0.050 mm from the external surface will then equal 0.078 mm
(0.028 mm + 0.050 mm). Cylinder A of the as-built part was
tested along three different radial directions spaced by 120◦

while taking the same radial coordinates for the indentations.
Values varying from 358 HV0.1 to 407 HV0.1 were measured
with an average standard deviation reaching 13 HV0.1. The mi-
cro hardness inside a part then varies depending on the region
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are reduced for each cylinder in the same order of magnitude.
Chemical etching led to less homogeneous results since Ra and
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3.3. Micro hardness evaluation

Figure 9 gives the micro hardness measurements on cylin-
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coordinate of the indentation performed on the parts with re-
spect to the as-built part. For example, the part of the chemical
etching Step 1 lost a thickness of 0.028 mm on average. The
radial coordinate of the first indentation made on this part at
0.050 mm from the external surface will then equal 0.078 mm
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tested. As a result, no error bars are displayed in Figure 9 to
ease its analysis.

All the micro hardness measured was between 341 HV0.1
and 443 HV0.1. For each radial coordinate, high variations
of micro hardness were measured. For example, step 2 of the
chemical etching led to 422 HV0.1 at a radial coordinate of
0.22 mm while step 1 reached 380 HV0.1. This is consistent
with the results obtained by Chern et al. [12] who measured
values of Vickers micro hardness varying by about 5% for EBM
parts in a plane perpendicular to the build direction. However, a
general tendency can be seen from the graph while comparing
the chemical etching steps to the as-built part. Indeed, steps 1
to 3 exhibited values of micro hardness below and above the
as-built part. However, steps 4 and 5 were both above the as-
built part in terms of micro hardness. This tends to show that
chemical etching can slightly increase the micro hardness of the
parts. Since no mechanical stress is directly induced by chem-
ical etching, the increase is assumed to come from stresses re-
distribution in the part due to material removal. This tendency
is less obvious for the ECM which led to values of micro hard-
ness below and then above the as-built part, like in steps 1 to 3
of the chemical etching.

Fig. 9. Micro hardness of cylinder A (in HV0.1).

4. Conclusion

The main conclusions of this study are:

• For the same removed part thickness (0.150 mm), electro-
chemical etching allows a higher reduction of cylindricity
(70%) compared to chemical etching (44%).
• Depending on the parts’ geometry treated, chemical etch-

ing seems to increase cylindricity deviation if too much
material is removed (more than 0.5 mm).
• Electro-chemical etching allows a higher arithmetic and

total roughness improvement (39% and 40% respec-

tively) for a given thickness removed (0.150 mm) than
chemical etching (7% and 11% respectively).
• The relative Ra and Rt reductions achieved are more ho-

mogeneous in the case of the electro-chemical etching
than for the chemical etching.
• Chemical etching seems to slightly increase the micro

hardness of the treated parts after a thickness reduction
of about 0.150 mm.
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